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HE impracticability
of attempting to grow annual crops on all soils regardless of their capabilities has been proven many times. Perennial grasses, either native or introduced, have been shown to be the most profitable crop on many thousands of acres of rolling land in the Great Plains. The problem of establishing these grasses on land cultivated for many years and often badly eroded has been studied (Riegel 1944 (Riegel , 1947 Savage and Runyon 1937; Clarke and Heinrichs 1941; and others) . Establishment has been reported in terms of basal area, rate of growth, yield, carrying capacity, and soil stability. However, despite the fact that the ability of grasses to withstand grazing and drought and to stabilize the soil depends somewhat upon the extent and development of their root systems, relatively little information on root development of reseeded grasses is available. The purpose of this study was to obtain quantitative data as to the extent of roots and amount of underground material produced by various grasses on soil being revegetated. Field work was done during the summer of 1950 on the college farm near Hays in west-central Kansas.
The development of the study of the roots of plants from an ecological point of view has been due mostly to the pioneer work of Dr. J. E. Weaver and his students. The science of grassland ecology has been advanced many years by progress at the University of Nebraska and much of the literature from these researches has become classic. As early as the second decade of this century, by the laborious method of the pick and shovel, accurate information on root systems was being made available to botanists throughout the world (Weaver 1919 (Weaver , 1920 . Earlier literature indicates that others had been occasionally publishing the results of mere guesses as to the extent and nature of roots in the grassland. Many papers stressing the importance of root relations have been published in the last 30 years, but the literature is not reviewed here. The monolith method introduced by Weaver and Darland (1949a) was used in the present study.
METHODS
Trenches 2.5 feet wide, 6 feet deep, and 12 feet long were dug with power machinery. The holes were later deepened where necessary to find depth of root extent. Soil columns 3 inches thick, 12 inches wide, and 4 or 5 feet deep were removed beneath representative clumpa or sods of grass. The soil was removed from the roots by a process of soaking and washing. After the roots were clean of all soil, they were photographed, cut into 6-inch lengths, air-dried, and weighed. Crowns (arbitrarily considered from the surface to a depth of 1 inch) were weighed separately from the rest of the upper 6 inches. In addition, soil and plant material were removed to a depth of 4 inches from a typical half meter quadrat in each of the areas. Underground plant material was separated from the soil in a manner similar to that of Weaver and Harmon (1935) .
RESULTS
This was not a controlled experiment; grasses were seeded for the primary purpose of increasing the productivity of the soil, and data are reported under existing conditions. nTo attempts have been made at detailed explanations of apparent discrepancies in development, since there were numerous variations in treatment, soil, and other factors of the environment.
Weather conditions were generally favorable during the years that these grasses were becoming established. During the lo-year period from 1941 to 1950, rainfall was near or above average every year except in 1943. Obviously results would have been different had there been a series of years with deficient precipitation.
Bu$alo Grass (Buchloe dactyloides)
Native-Two soil monoliths were removed from an upland area dominated by a mixture of blue grama (BouteZoua gracilis) and buffalo grass. The site had been ungrazed for 8 years and before this was only moderately grazed. The mature, uneroded soil profile typical of this area has been described (Albertson 1937) . Roots of the grasses penetrated the silty loam soil to a depth of approximately 7 feet. Most extended vertically ; comparatively few entered or emerged from the monolith, and these were mostly above 2.5 feet. Average air-dry weight of the crowns was 13.4 grams in the 3-by 12-inch sample. From a depth of 1 to 6 inches, weight of roots was 9.2 grams (Table 1) . This 22.6 grams of material in the upper 6 inches of soil represented 76 percent of the total weight to a depth of 4 feet. Only 15 percent occurred below one foot. The effect of the great volume of roots near the surface in maintaining the organic matter and structure of the soil and in preventing erosion has been emphasized (Weaver and Harmon 1935) . Extent to 4 feet and deeper is significant from the point of view of making use of available moisture and nutrients and enabling the plants to survive during drought, but the lower roots add little to the total weight of the root system. Natural Revegation-This area was cultivated several years until 1920 when it was abandoned and allowed to revegetate naturally.
During and after cultivation considerable erosion occurred. The soil profile was not well developed. The upper 8 inches had the dark brown color and granular structure of typical A horizon. The color from 8 to 12 inches was transitional, but at the latter depth it became abruptly and distinctly yellow and intermixed with a large amount of fragmented limestone. This material extended to the full depth of the roots (5.5 feet). The only evident change was an increase in the number and size of the rock particles with increasing depth. Etchings on the rock fragments indicated the importance of roots in decomposition of the parent rock. The B horizon was not developed. Mechanical analyses according to the hydrometer method (Bouyoucos 1936) showed the increase in clay (< .002 mm.) from near the surface to a depth of 2 feet was only from 28.5 to 34.4 percent. In comparison, where native buffalo grass was studied, increase was from 21.3 percent in the A horizon to 42.5 in the B horizon. The effects of this great difference were very evident in the structure of both A and B horizons.
The grass. Since these patches have been layer which started at 14 inches and enlarging from the periphery at an reached a maximum concentration beaverage rate of 3 to 5 inches per year tween 20 and 24 inches. Roots extended (unpublished data) the sample had not to a depth of 6.5 feet. Total amount in been established long. The root system the upper 6 inches was 16.3 grams. The was not well developed; crowns weighed high basal area characteristic of native only 2.3 grams and the next 5 inches, buffalo grass did not occur here, and 6.4 grams. This was little more than oneweight of crowns was only about one- third as much as was present in the upper 6 inches in native sod. Even so it represented 63 percent of the total weight of underground parts. Number of main roots decreased from 94 at 18 inches to 34 at 36 inches. Seeded in 1942-The soil had a comparatively high clay content and was dry and hard when the excavation was made. Retarded moisture penetration was indicated by the relatively shallow lime third as great r te I crow 1s .n native sod. However, there was an extensive mat of branched roots beneath the crowns in the I-to 5-inch depth (Table 1) .
Seeded in 19&-The topsoil in this upland area was dark brown and the profile was similar to that under native sod. Carbonate concentrations occurred from 24 to 36 inches. Roots extended to 7 feet but the root system was poorly developed. Extensive branching occurred with a high basal cover of 80 percent. From 6 to 12 inches, the weight was 2.9 grams and there were further decreases at greater depths (Table 1) . A total of 75.6 percent of the total underground material occurred in the upper 6 inches of soil. Nevertheless, there were 150 main roots at an H-inch depth and some extended to 7 feet. Decrease in weight at lower depths was due to smaller roots and less extensive branching. Total amount of vegetative material in the monolith was considerably greater than that produced by buffalo grass under all conditions sampled. This excellent development is an indication of what can be expected when either of the short grasses is planted on cultivated soil which has not become depleted.
Seeded in l9@-The profile was exposed on a northwest slope of about 4 percent and some erosion had occurred. Maximum concentrations of lime occurred at the relatively shallow depth of 20 to 24 inches. The poorer soil, in comparison to that in the 1941 seeding, was reflected in the less complete development of the root system. Extent of roots was 6 feet but total amount was 22 percent less than that of the earlier seeding. Weight of crowns was 10.2 grams. This is much more than that of buffalo grass on similar soil but would be expected in view of comparative growth habits of the species. Below the crowns variations became less evident (Fig. 1A) .
Seeded in l947-The sample was removed from a near level site where there had been little erosion. The grass occurred in large clumps, and basal area was only about 21 percent. The majority of roots did not grow directly downward as in a closed cover ; many extended laterally and completely permeated the upper soil. This caused a decrease in the weight of roots at the l-to 6-inch level immediately beneath the plant in comparison to the denser sod of the 1942 seeding. Roots extended to 6 feet, but there was comparatively little branching below 6 inches. Since the soil was in fair condition, the root system will probably soon be similar to that of the 1941 seeding.
Blue Grama-Western Wheatgrass (Agropyron smithii)
Seeded in 19&-These 2 grasses were planted in the same area as blue grama alone in 1941 and furnish an interesting comparison. The basal cover was only 13 percent as compared to 80 where wheatgrass was absent. These grasses together had developed a well branched and extensive root system, but blue grama furnished about 75 percent of the total weight. Effect of the wheatgrass was most noticeable in causing a reduction in the weight of the crowns from 15.8 to 5.3 grams, but there was also a decrease at all other depths. Total weight of blue grama roots alone was 41.9 grams, and that of the combination was only 24.8 grams.
Big Bluestem (Andropogon gerardi)
Seeded in l945-The sample was taken midway on a long moderate slope. The soil was in excellent condition with apparent high content of organic matter to 18 inches. Upper portion of the typical B horizon occurred at 25 inches and maximum carbonate concentration was from 32 to 36 inches. Local concentrations occurred as deep as 5 feet and the columnar structure of the B horizon was still evident at this depth. These data indicate a deep permeable soil-an excellent medium for the growth of roots.
A monolith was removed from both a bunch and sod type of cdver; data in Table 1 refer to the former. In each case root systems were extensively branched in the upper 18 inches. Crowns, roots, and rhizomes were so dense it was ROOT DEVELOPMENT OF GRASSES 387 difficult to remove all the soil. Weight in the top 6 inches was 42.4 grams. Many of the main roots extended almost horizontally for 12 to 18 inches at a depth of 2 to 6 inches (Fig. 1C) . This was especially noticeable where buff alo grass was present as a competitor or where big bluestem occurred in bunches. Roots from adjacent plants extended horizontally through the monolith. Principal roots often had a diameter of 2 mm. to a depth of 3 feet or more and some extended to 8 feet.
Switch Grass (Panicum virgatum)
Seeded in l&$1-The silty clay soil was similar to that where the 1941 seeding of blue grama was sampled. Switch grass had the best developed root system of any that were examined. Roots extended to 7 feet, where solid rock occurred, and were extensively branched at all depths (Fig. 1D) . Crowns weighed only 3.3 grams due to the low basal area, but from 1 to 6 inches there was a dense mat of roots which weighed 31.5 grams. At 8 inches there was an abrupt decrease in the amount of material, but the weight from 6 to 12 inches was more nearly maintained to the bottom of the monolith than in any of the other samples. In fact, there was more root material at every depth than for any of the other grasses. The extensive branching so often limited to the A horizon occurred well into the subsoil. This correlates with results of Weaver and Darland (194913) and may be a partial explanation for the ability of switch grass to grow and reproduce on upland soil usually considered as being able to support nothing better than a mixed-grass type of vegetation. The reaction of this artificially established vegetation to a period of drought remains to be seen. The great volume of root material was due to large roots and extensive branching since there were only 88 principal roots at a depth of 18 inches. The nearby blue grama had 150 roots at this depth, but the total weight was only 75 percent as much as for switch grass. This was despite the fact that crowns of blue grama were more than 4.5 times as heavy as those of switch grass. Seeded in 19@-The soil was poor and a good cover had not been established. Bunches were small and scattered. Roots extended to 7 feet but had not produced the mat of roots near the surface characteristic of the older seeding. Total weight of material in the upper 6 inches was only 7.3 grams, but this represented 79 percent of the total to 5 feet. There were only 12 roots at 18 inches and 6 of these were present at 5 feet. As was true in the 1941 seeding, degree of branching below 8 inches did not decrease as much as with other species. It seemed generally true among all species where there were sufficient data, that the roots extended to their full depth before a welldeveloped system was formed at any depth.
Side-Oats Grama (Bouteloua curtipendula)
Seeded in 19&?-The deep soil was similar in many respects to that described for the 1945 seeding of big bluestem. Roots extended deeper (9.5 feet) than those of any other grass but otherwise the root system was not so good as that of either switch grass or big bluestem. Material in the upper 3 inches weighed about 17 grams due to several short heavy rhizomes, but below this many extended laterally causing a marked decrease in the weights at lower depths.
Western Wheatgrass
Native-The sample was taken from a lowland area where wheatgrass occurred in a pure stand. The soil was typically alluvial with high organic content to 4 HAROLD HOPKINS feet. Roots extended almost vertically from the rhizomes and crowns to a depth of 8.5 feet. Extensive branching in the upper soil, characteristic of big bluestem in the same area, did not occur. Even in the upper 4 inches there were many open places; this is undoubtedly partly responsible for the poor surface structure often encountered in soil where wheatgrass is dominant (Hopkins 1951). However, it does not mean that the root system as a whole was not good since there were 82 roots at an 18-inch depth and all were well-branched (Fig. 1E) .
Seeded in 1948-The profile was exposed near the base of a long slope where there had been some deposition. The soil was dark and of good structure to a depth of 15 inches; typical B horizon began at about 30 inches. The root system was poorly developed, even though it extended to 7.5 feet. There were 50 roots and 6 rhizomes near the surface but only 25 roots at 18 inches. These were small and broke easily while being freed of soil. Weight of 'roots and stems in the upper 6 inches was only 7.8 grams, which was about one-half as much as in native wheatgrass. At lower depths the differences were even greater. Total weight of roots was about the same as that produced by switch grass seeded the same year. It seems significant that the latter was on poorer soil than was wheatgrass.
Sand Dropseed
Natural Revegetation-The sample was removed from the same area as buffalo grass on natural revegetation land. Sand dropseed occurred here as a part of the early grass stage of subsere succession (Weaver and Albertson 1944). The root system extended to nearly 6 feet, but amount of branching was poor. Weight of underground materials in the upper 6 inches was only 3.1 grams and that of the total root system to 4 feet was only 5.9 grams. This is in contrast to the adjacent invading buff alo grass and to native buffalo grass which had a total weight of 13.7 and 29.7 grams, respectively. Reseeded grasses had established themselves better in only a few years than had sand dropseed 30 years after abandonment.
Kentucky Bluegrass (Poa pratensis)
Seeded in 1945-The sample was taken in a nearly pure stand of Kentucky bluegrass about 2.5 feet from an area occupied by big bluestem. The grass is not considered adapted to this region except for irrigated lawns and was planted due to an error in seed labelling. Forsge production has been small, but it has proven of some value in furnishing early spring grazing. The basal cover was low and crowns weighed only 0.7 gram. However, there was a dense mat of 13.3 grams of finely divided roots from a depth of 1 to 4 inches (Fig. 1F) . Below this the amount was greatly reduced and partly replaced by those of big bluestem, which had large light-colored roots easily distinguished from those of Kentucky bluegrass. At a depth of 2 feet, fully 50 percent of the roots in the monolith were from big bluestem plants 30 inches distant. Root competition between these species has been described (Weaver and Voigt 1950).
Smooth Brome (Bromus inermis)
Seeded in 1948-Roots extended to 7.5 feet, but branching was inadequate to occupy t!he soil thoroughly. Even immediately under the crowns there was no mat of roots. Weight of all vegetative material in the monolith was only 8.0 grams; only the sand dropseed monolith contained less. However, smooth brome was sampled only on a relatively xeric hillside, and these data should not be construed as typical of the species. Its excellent growth in mesic habitats indicates a much better root system.
QUADRAT STUDIES
The importance of grass roots on the structure and organic matter, and thus the productivity, of the soil has been illustrated (Weaver and Zink 1946) . They have also indicated the importance of the stem bases, which occur beneath or at the surface of the soil, in contributing to the organic matter. These have been included in the underground parts in t)his report. Degree of establishment and development of root systems have been described in terms of extent and amount of roots directly beneath the clumps or sods of grass. This is significant but does not disclose the degree of development in the spaces between plants. Amount of material in the entire upper portion of the soil is important in resistance to erosion and to competition from invading weeds. Distribution of roots in the upper soil of a climax grassland community is fairly uniform, even in the bunch type of vegetation, in that almost as many occur between clumps as directly under them (Weaver and Voigt 1950) . However, this uniformity does not occur in subseres and would not be expected to occur on recently revegetated areas. Table 2 gives total weight of underground parts in the upper 4 inches per half-meter quadrat. This, of course, includes areas between as well as under the clumps of grasses.
Weight of buffalo grass underground parts was 221, 129, and 83 grams from seedings made in 1942, 1946, and 1947, respectively . Amount under native sod was 326 grams, but under natural revegetation it was only 150 grams (Table  2) . It should be noted that the latter sample was taken near the center of an area dominated by buffalo grass (monolith was taken near the edge) and probably represented its maximum development under existing soil conditions. The difference between the 1946 and 1947 data indicates the significance of this information since differences in amount of roots of individual plants of the two seedings were small as shown by the monolith studies. Roots of blue grama seeded in 1941 weighed 236 grams; blue grama and western wheatgrass planted together at the same time had produced only 154 grams on the same soil. This reduction in weight was also illustrated in results from the monoliths. Wheatgrass is not a desirable species where part of the reason for revegetation is to restore the organic matter and structure of the soil.
Native big bluestem produced 381 grams of crowns, roots, and rhizomes to a depth of 4 inches ( Table 2 ). The ability of this grass to produce a large amount of material quickly when planted on good soil was indicated by the 338 grams where seeded in 1945. Switch grass produced 285 grams on an upland soil in the 1941 seeding. In the relatively poor soil of the 1948 seeding, yield was only 77 grams. However, accurate conclusions cannot be drawn from these data until all the grasses are seeded at the same time and on the same soil and site. The importance of soil characteristics on amount of root materials produced has been emphasized by Shively and Weaver (1939) .
Xative western wheatgrass and planted Kentucky bluegrass produced approximately the same amount of material in the upper 4 inches. The important difference is that on the basis of monolith studies the 219 grams of the latter represents about 75 percent of the entire root system while the 208 grams of wheatgrass is less than 50 percent of the roots to a depth of 4 feet, and total extent was more than 8 feet. Thus, in periods of stress wheatgrass would surely be the strongest competitor. This merely illustrates that an accurate and reliable study of roots cannot be confined to the upper 4 inches or even to 4 feet but must include the entire system.
DISCUSSION
It would be expected that the amount of underground material produced by a grass would be somewhat proportional to its value in restoring a soil to near its original productivity.
The time required for the establishment of a good root system would be an indication of its ability to stabilize the soil. It is significant that in general the mid grasses have proven superior in both respects to the short grasses, even on areas formerly occupied by the latter. This, however, is not a complete endorsement for the taller grasses. Their excellent development has likely been made possible by certain changes in the profile following cultivation. These observed changes consist of a deepening of the B horizon leaving it more penetrable and accompanied by improved moisture relationships. Furthermore, the important item of competition from short grasses is eliminated. Probably as droughts occur these tall grasses will gradually thin and invasion of more resistant short grasses will occur. This then opens up the possibility of using mid grasses for high yields and maximum soil improvement in long-time rotations and a mixture of mid and short species for permanent pastures. The former would provide initial high yields and the short grasses would be readily available to provide a protective cover after periods of drought.
This study has verified the folly of allowing land to revegetate naturally rather than reseed it (Riegel 1944) . It has also shown that it is important for soils to be reestablished to grasses while they are still productive. Those planted on eroded soils have failed to form the root systems necessary to stabilize the soil and restore productivity.
SUMMARY
A study was made in 1950 of root systems of several species of native and introduced grasses near Hays, Kansas. Root samples of each grass were removed from soil monoliths 3 inches thick, 12 inches wide, and 4 feet deep. Samples were cut into segments 6 inches long, air-dried, and weighed. Material from the surface to a depth of one inch (crowns) was separated from the rest of the first . segment.
Roots of native buffalo grass on a mature, upland soil extended to a depth of 7 feet. Air-dry weight of underground material in the upper 6 inches was 22.7 grams, which was 76 percent of the total weight to a 4-foot depth. This is compared to 8.7 grams under about 3 or 4
